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Abstract 
In this paper vibration-fatigue evaluation method is discussed. Fatigue is the most commonly encountered type of failure for 
metallic structures operating under dynamic loading. Fatigue failure cannot be stopped from occurring but it is possible to avoid 
it by proper studies. Driving system parts are subjected to continuous random vibration. Vibration induced stress can reach 
critical maximums and cause destructive failure. In order to ensure that a test unit functions for a specified life without failure, a 
careful signal measurement and analysis tools have been implemented and are explained through a case study. The approach 
described here involves Fatigue Damage Spectrum, Shock Response Spectrum, Extreme Response Spectrum and generation of 
random vibration test specification. This specification can be accelerated to achieve fatigue test results in very short time. 
Accelerated life tests are quick tools to properly evaluate the expected lifetime. It is reliable and can help to save considerable time.
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1. Introduction 
Great number of durability, reliability tests are performed during the product development stage in order to 
ensure its safety requirements. In metallic structures under fluctuating loads the fatigue failure remains as a major 
concern. It is well known that metal fatigue is a cumulative phenomenon which does not recover while a component 
is at rest. Hence, thorough study of service conditions may help accurately predict unexpected casualties like shock 
loads, impacts etc. It emphasizes importance of properly measuring the in-service loads. In case of complex 
dynamic structures like flight objects, platforms, chassis components of ground vehicles, it is more convenient to 
measure the response acceleration of the structure and study the whole system behavior rather than single object. 
Measured signals traditionally were analyzed in time domain by counting the load cycles. Advantages of 
frequency domain approach also were studied and reported that in some cases frequency domain analysis is suitable 
[1-2]. In the frequency domain, a spectral form of loading is more appropriate and the loading is defined in terms of 
its magnitude at different frequencies in the form of a Power Spectral Density (PSD) plot. The PSD simply shows 
the frequency content of the time signal and is an alternative way of specifying the time signal. 
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In this paper frequency domain approach to random vibration signal analysis is discussed and as a case study the 
vibration-fatigue life evaluation of a fuel-cell battery assembly is considered. The unit consists of metal case, 
bracket and stack of Lithium-Polymer tubes. It will constantly be subjected to random vibration. Due to fragile 
nature of fuel cell tubes the battery unit needs to be tested for reliability/durability. Another factor, which made the 
fatigue life evaluation important, is rather long life requirement. The main design specification for the battery 
assembly is that it should have survived at least 160,000 km of driving distance. This life requirement necessitated 
the implementation of an accelerated life testing (ALT). 
In the following chapter a brief introduction to frequency domain approach and ALT concepts will be given. That 
is followed by explanation of data collection, analysis and acceleration of test duration through increasing the 
amplitudes of PSD spectral line. 
 
Nomenclature 
 
K spring stiffness of the SDOF system 
ī(1+b/2)  gamma function defined by 
b, C fatigue parameters describing the Wohler line such that N=c×s^b  
N  the number of cyclic stress amplitude 
Gz(fn) the value of acceleration input PSD at frequency fn 
Q  dynamic amplification factor 
6FDS(fn) lifetime FDS 
k combined safety factor 
2. Frequency domain approach and accelerated life testing 
Structural analysis can be carried out in either the time or frequency domains. In the time domain the input takes 
the form of time history of load. The structural response can be derived using a finite element representation coupled 
with a transient solution. In the frequency domain the input is given in the form of a PSD and the structure is 
modeled by a linear transfer function relating input load to the output stress at a particular location in the structure. 
The output from the model is expressed as a PSD, in this case it is the PSD of stress. Most of the computational time 
is spent in solving the structural model. In the time domain, the structural model is solved for each time history of 
input, hence 20 load cases would take 20 times as long to calculate. In the frequency domain the linear transfer 
function is only calculated once, hence 20 load cases takes little more time to analyze. 
2.1. The Fourier transform 
The French Mathematician J. Fourier (1768-1830) postulated that any periodic function can be expressed as the 
summation of a number of sinusoidal waves of varying frequency, amplitude and phase. Each individual sinusoidal 
wave can be expressed as a spike in the frequency domain and as the number of sine wave increase, the difference in 
frequencies between them tends to zero. So the spikes tend to merge into a continuous function. Certain information 
about a random process becomes apparent in a frequency domain plot, which is difficult to see in the time domain. It 
is easy to convert back and forth between the two domains using Fast Fourier Transformation (FFT) and Inverse 
Fourier Transformation (IFT) respectively (Fig. 1). 
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Fig. 1. Fourier transformation from the time domain to frequency domain and reverse 
2.2. Power spectral density 
PSD’s are effectively obtained by taking the modulus squared of the FFT. Frequency domain techniques were 
pioneered by the electronics industry in the early 1940’s. The method was employed to investigate the cause of 
electrical noise in circuits. As power was generally the parameter being measured, it found its way into the title of 
the spectrum. The mean square amplitude of the sinusoidal waves is used because this was easily obtained by the 
early analogue circuits of the day. 
2.3. Accelerated life Test spectral density 
ALT of products and materials is used to get information quickly on their life distribution. Such testing involves 
subjecting the test units to conditions that are more severe than what is considered as normal. This approach results 
in shorter lives than it would be observed under regular conditions. The data obtained at more severe or accelerated 
conditions are extrapolated by means of an appropriate model to the normal conditions to obtain an estimate of the 
life distribution under normal conditions. ALT provides savings in time and cost compared with testing at normal 
conditions. In fact, operational life under normal conditions could be so long that testing at those levels would not be 
possible for many structures and materials. 
3. Case study: In-field drive tests and mission profile 
3.1. Test setup 
This particular case study is a part of the fuel cell battery development project. Prior to release to the marketplace 
it needs to be certified for capability of withstanding higher loads it may experience. Because the current battery is 
unique and has specific location on the vehicle, the normal loads must be measured and certain test specification 
must be developed. The battery bracket equipped with equivalent battery weight and instrumentation are shown in 
Figure 2.  
 
  
Fig. 2. (a) Fuel cell battery bracket; (b) mounted and instrumented 
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This battery is designed to be mounted in Hybrid Electric Vehicle which will be driven on different types of 
roads according to CARLOS standard [3]. This standard indicates that a vehicle’s life span is equal to 160,000 km. 
Among this 30% is Highway road, 4% is Unpaved road, 23% is City road, 29% is National road and 14% is Local 
road (Table 1).  
Table 1. CARLOS road distribution 
Driving mode Operating profile, km Real driving, km Extrapolation factor 
Highway 48,000 (30%) 1,301 (45%) 37 
Unpaved road 6,400 (4%) 61 (2%) 105 
City road 36,800 (23%) 310 (11%) 119 
National road 46,400 (29%) 1,094 (38%) 42 
Local road 22,400 (14%) 127 (4%) 176 
Total 160,000 (100%) 2,893 (100%) 55 
 
The measured response signals were summarized and extrapolated according to the agreed operating profile. The 
extrapolation of the samples to the required size given in the operating profile was performed separately for the five 
road types, using the average factors of extrapolation indicated in Table 1.  
 
 
Fig. 3. Accelerometer location points 
The 3-axis and 1-axis accelerometers will collect response accelerations, where they positioned close to the 
bracket mounting points and on top of the bracket (Fig. 3). 
3.2. Mission profile 
The testing department has decided that whole life of the battery could be summarized in a Mission Profile 
consisting of a combination of several transient and random loads. A mission profile comprises several measured 
events that are assumed typical of various real-life situations: examples include quick start/stop, braking, slalom, 
off-road, turning maneuvers, rough pavement, and various bumps on the road. Representative PSDs or time signals 
are measured for each situation along with estimates of how long the component might be expected to see these in-
service (Fig. 4) 
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Fig. 4. Mission profile: obtaining representative PSD or time history which covers all events 
4. Result Analyses 
An example of collected acceleration time history data is shown in Figure 5. The anomaly detection algorithms 
were applied. Some anomalies like spikes, drop-outs, clipped data, running mean were corrected. Then, statistics of 
the time history data like maximum, minimum, mean, standard deviation, RMS, skewness and kurtosis were 
assessed. Statistical values are a very analytical and useful way of quickly assessing the signal’s behavior: is it 
centered on its mean, how “peaky” is it, etc. It is also interesting to calculate the probability distribution of the signal 
to see if it behaves as a Gaussian process. 
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Fig. 5. Acceleration time history data recorded at battery location, vertical Z-axis 
Development of a new PSD for durability/reliability test was performed in two different approaches: based on 
MIL-STD-810F data for the “worst case” representation and linearly averaged option based on vibration-fatigue 
analysis (Synthesized PSD) approach. Then these two results were compared with the existing test specification for 
battery product tests which is offered by United States Advanced Battery Consortium (USABC).  
4.1. MIL-STD-810F approach 
This test method standard is approved for use by all Departments and Agencies of the Department of Defense 
(DOD). Although prepared specifically for DoD applications, this standard may be adapted for commercial 
applications as well. Part two of the standard contains environmental laboratory test methods to be applied 
according to the general and specific test designing guidelines. 
According to the Method 514.5 “Vibration”, its main purpose is to: 
x Develop material to function in and withstand the vibration exposures of a life cycle including synergistic effects 
of other environmental factors, sample duty cycle, and maintenance.  
x Verify that sample will function in and withstand the vibration exposures of a life cycle. 
Statement of Annex B of the Method 514.5 explains the durability test as a simulation of the environmental life 
cycle to a high degree of accuracy. A durability analysis precedes the test and is used to determine which 
environmental factors must be included in the test to achieve realistic results. Although the test is intended to be a 
real time simulation of the life cycle, it may be shortened by truncation if feasible. 
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Mission portions of the environmental life cycle are represented in the durability test by mission profiles. Mission 
profiles often do not include worst case environmental stresses because they are encountered too rarely to be 
significant statistically. However, it is important to verify that the component will survive and function as needed 
during extreme conditions. Therefore, maximum environmental levels must be inserted into the durability test and in 
a realistic manner. In case of a ground vehicle the worst case scenario can be replicated by converting the response 
time history data into PSD through Peak hold option. That means at each buffered portion of data the maximum 
response acceleration will be taken and this algorithm will be repeated for the whole data. In this case, a single high 
amplitude response signal may overlap the rest average data points. Thus, the worst case, i.e. the most severe 
response will be filtered and corresponding high level PSD will be obtained (Fig. 6). 
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Fig. 6. “Worst case” represented PSD based on MIL-STD-801F 
4.2. Synthesized PSD approach 
Main idea behind this approach is to measure the signal, filter it to obtain maximum shock response and Rainflow 
cycle count, estimate fatigue damage and finally, generate a random PSD which has equivalent damage content that 
of fatigue damage spectra.  
4.2.1. Shock response spectra 
SRS is calculated by applying a single-degree of freedom (SDOF) transfer function to the input acceleration 
signal and determining the maximum response. The calculation is repeated over a range of natural frequencies to 
give a resulting histogram of maximum response against frequency (Fig. 7). 
 
 
Fig. 7. SRS over natural frequencies (National road) 
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SRS of all the roads are calculated and summed into one final SRS. This final SRS will be used to compare with 
Extreme (or Maxima) Response Spectra to make sure that new generated random input signal, either acceleration or 
displacement, does not exceed critical maximums.  
4.2.2. Fatigue damage spectra 
FDS also obtained by filtering input time series using a series of sharp band pass filters each representing a 
potential natural frequency of the system.  The FDS is calculated in the same way as the SRS but rather than simply 
finding the maximum displacement response, the filtered displacement response is now Rainflow cycle counted and 
the fatigue damage obtained using a Wohler calculation (Equation 1 and Fig. 8.). 
 
(1) 
 
 
Fig. 8. Final lifetime FDS calculated from all the road types 
4.2.3. Extreme response spectra 
Simply saying, ERS is analogous to the SRS that calculated from time history and provides almost the same 
information (Equation 2 and 3). However, whereas the SRS is usually used to determine the maximum response to a 
highly damaging transient shock, the ERS is used to represent the expected response witnessed over more typical 
long term vibratory loading. 
ERS acceleration response: 
 
(2) 
 
ERS displacement response: 
 
(3) 
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Fig. 9. Comparing ERS with SRS 
As long as ERS level does not exceed SRS the Synthesized PSD is accepted (Fig. 9). In other words, ERS is a 
validation tool for the newly generated representative input PSD for accelerated vibration fatigue test. If the test 
ERS exceeds lifetime SRS then we have probably accelerated the test too much and are applying unreasonable high 
loads. 
4.2.4. Synthesized PSD 
Synthesized PSD” is generated from the lifetime FDS and statistically has equivalent damage (Equation 4). This 
PSD may be used as an input drive signal to the shaker. Properties of the synthesized spectrum must be carefully 
selected since it is used for sign-off test. 
Synthesized vibration PSD:  
 
(4) 
 
 
 
Safety factor is used when the input loads contain a large level of variability and/or when a limited number of 
tests will be performed with the role of representing the whole population of components.  
 
 
Fig. 10. Synthesized PSD from total lifetime FDS 
Initially, the lifetime duration PSD of the components or system must be generated (Fig. 10).  It may be in hours, 
seconds, days and years. Then, for a shorter duration in which case the fatigue test will be accelerated, we will 
increase the amplitudes of the PSD (Fig. 11). To do that, spectral lines of the original PSD will be calculated by the 
factor which is given in Equation (5). 
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Fig. 11. Accelerated PSD 
To double check whether unrealistically high loads will be generated in the component on the shaker table, we 
can compare the ERS obtained from this accelerated PSD with the lifetime SRS. 
4.3. USABC test specification 
Mechanical shock and vibration test specification of electrochemical energy storage (EES) systems is developed 
by USABC. The level of its vibration is considered as “abusive” to EESS technology. This test is intended to 
characterize the effect of long-term, road-induced vibration and shock on the performance and service life of 
candidate batteries. Either swept-sine-wave vibration or random vibration can be used to perform this testing (Fig. 
12) 
 
 
Fig. 12. USABC test PSD for random vibration testing 
As shown in the Figure 12, there are 3 steps for the vertical axis testing. Each of these steps covers different 
frequencies in lower levels. That is due to high displacements in low frequencies that causes most of damage. 
For random excitation, the test regime requires a minimum of 13.6 hours and a maximum of 92.6 hours of 
testing, depending on the type of shaker table available and the choice of acceleration levels. This test regime was 
synthesized from rough-road measurements at locations appropriate for mounting of traction batteries in EVs. 
The vibration spectra specified in this test regime were designed to approximate an appropriate cumulative 
number of occurrences of shock pulses over the life of the vehicle and correspond to approximately 100,000 miles 
of usage at the 90th percentile. 
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Frequency range, Hz Peak acceleration, g 
10-20 3.0 
20-40 2.0 
40-90 1.5 
90-140 1.0 
140-190 0.75  
Performance of the random vibration procedure requires a uniaxial or multiaxial table capable of producing 
accelerations up to 1.9G over the vibration spectra shown in Table 2. Another distinctive point of this specification 
is that all three axes can be performed concurrently.  
In order to evaluate the damage from each axis input PSD a random time histories were generated based on RMS 
value of PSDs (Fig. 13). 
 
                 
Fig. 13. Generated random time history from PSD 
4.4. Damage comparison 
As mentioned earlier a random time histories were generated from input PSDs and analyzed for quantified 
damage as shown in Table 3.  
Table 3. Comparison of damage and RMS acceleration 
Z-direction RLDA 
damage 
Peak-hold PSD Synthesized PSD USABC, vert. 1,2,3
 
2932 h 48 h 2932 h 48 h 16.2 h 
Quantified damage 1.0 272000 209000 3.36 3.36 2088 
GRMS - 1.70 2.83 0.09 0.24 0.75 1.90
 
 
For convenience the RLDA damage from in-field driving is conditionally rounded to 1 (one). Utilizing the same 
quantified damage approach the Peak-hold and Synthesized PSD also were calculated for damage. The damage 
content shows that Peak-hold PSD is very conservative whereas synthesized PSD is much closer to the RLDA 
damage. It should be mentioned that synthesized PSD has Combined Safety Factor included in it.   
 
5. Conclusions 
Fatigue analysis is becoming more accurate due to sophisticated computer technologies and new approaches. 
Complicated structures are getting solved in relatively short time space and with assured reliability. Frequency 
domain analysis of the vibration fatigue life is emerging approach to evaluate random loads to components and 
Table 2. Frequency and G-values for Vertical axis 
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structures. In combination with FEA tools, this approach helps to predict the life of components during virtual 
design stages and optimize them prior to physical testing. Moreover, analysis of random Gaussian loads in the 
frequency domain proved to be successful. 
The frequency domain approach with its concepts like shock response spectra, fatigue damage spectra, extreme 
response spectra are discussed in this paper. As a case study the vibration fatigue test specification is developed for 
the HEV battery. Development is carried out using classical enveloping method, which is based on MIL-STD-801F, 
“Synthesized PSD” method by calculating FDS and generating new random PSD, and the results were compared 
together with USABC test specification. Enveloping method was utilized through “peak hold” option and this was to 
replicate extremely harsh using conditions. In case of synthesized PSD method the linear averaging option was 
chosen in order to simulate normal using conditions. As known, USABC test specification is considered as abusive.  
The results show that Enveloped PSD is much higher than USABC offered specification whereas accelerated 
vibration fatigue method results in lower levels. 
Based on these results it is appropriate to conclude that in normal usage conditions a vehicle will not witness 
extreme accelerations and as stated in the USABC specification, it is abusive and suitable for newly developed HEV 
battery. 
Finally, dominant vibration frequencies of the system for all X, Y and Z direction are determined from the PSD 
plots. 
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